Purpose. Forecasting of passenger traffic flows in the future is an essential and integral part of the complex process of designing of high-speed network (HSN). HSN direction and its parameters are determined by the volume of passenger traffic, the estimated value of which depends on the economic performance of the country, as well as the material status of citizens living in HSN concentration area, transport mobility of population, development of competing modes of transport and so on. The purpose of this work is to analyse the existing methods of passenger traffic forecasting, to evaluate errors of the existing models concerning determination of traffic volumes and to specify the scientific approach to the development of high-speed rail transport in Ukraine. Methodology. The existing forecasting methods are reduced to the following ones: Delphi approach, extrapolation method, factor and correlation analysis, simulation method. The method described in this paper is based on scientific approaches such as analysis -a comprehensive and detailed study of various aspects of the known forecasting methods, comparing of existing methods for establishing differences and similarities, as well as deduction -use of general knowledge to get the new particular one. Thus, the unified indicators determined for the country as a whole, such as gross domestic product, national income, total population and others cannot be used to forecast the traffic flow on specific areas of HSN construction. Therefore, it is necessary to move from the overall forecast to traffic volume forecast on particular direction. Findings. The conclusions are derived from the analysis of different approaches and methods of passenger flow forecasting. It is proposed to create typical techniques of traffic flow forecasting using modern mathematical methods that would allow avoiding unreasonable decisions and shortening project development time. The resulting recommendations will help in the efficiency of design decisions, as well as will determine the quality of the project in whole and the feasibility of its implementation in particular. Originality. The scientific approaches to forecasting the passenger traffic volume in HSN agglomeration area were further developed. The HSN feasibility study criteria system was updated; this system takes into account passenger transit flows through Ukraine, the population of the cities covered by the high-speed network, mobility of population and other factors. Practical value. The data obtained by authors can be used to justify the concept of highspeed rail transport development in Ukraine, to create a high-speed network and to phase HSN construction.
Introduction
The foreign studies on the efficiency analysis of high-speed network projects performed in different countries state that the transport corridor provided for HSN construction must have certain socio-economic characteristics. The total population of HSN concentration area must be at least 20-25 million people, and the overall total passenger traffic flow (in both directions), formed in this transport corridor prior to the start of HSN operation, shall be not less than 5.6 million passengers per year [17] .
Significant factors that determine the success of HSN projects are economic indicators of development of the country and the specific areas of transport corridors, as well as financial situation of the citizens who live in HSN concentration area. One of the economic criteria that characterize the financial situation of citizens is gross domestic product (GDP). If the value of GDP is divided by population size, we will get the index represented in Fig. 1. Yet this average index for a country does not determine the feasibility of implementing highspeed transport. For example, in China, it is the lowest -5.4 million dollars per person, but the country's success in HSN construction is impressive.
Fig. 1. Gross domestic product, per person
Thus, the HSN project efficiency must be assessed, first, in light of the financial situation of the citizens living in HSN concentration area, secondly, based on GRP indicator, which is calculated by subtracting from the total gross product (GDP) the volume of its intermediate consumption and which fully characterizes the economic activity of the city or region. Using statistics on this indicator one can predict the potential for economic development, and accordingly determine the possibility of the construction and operating conditions of future HSN network sections [9] .
In Ukraine GRP is calculated using the mixed method i.e. part of the data is accumulated by regional statistical agencies and transferred to the centre and other part is collected by the State Statistics Committee and other economy sectors.
The relationship of the passenger traffic volume with the above mentioned factors allows predicting the prospective passenger flow and evaluating efficiency of introduction of high speed traffic in a particular direction.
The distribution of passenger traffic by mode of transport takes place on a market basis, depending on the cost of the trip, travel time, geographical availability of transport infrastructure and other factors. As a result, zones of efficient use of different transport means are formed. At the junctions of these areas there is competition between transport modes (interspecific competition) [15] . In addition, there is intraspecific competition (competition between individual companies representing the same mode of transport).
Dependence published by the International Union of Railways [17] and clarified with a number of additional data is shown in Fig. 2 . It shows the current distribution of passenger flows between the air transport and HSN based on travel time by rail. One of the important principles of ideology, which is laid in the assessment of options for the distribution of traffic, is based on forming of passenger flows and velocity of the passenger, not of the rolling stock [17] .
Today there are a lot of research works that assess and consider the ways of further development of the trans-European high-speed rail network. One of these projects is NGT (Next Generation Train) developed by eight institutes of the German Air and Space Centre (DLR) [13] . The basic idea of NGT is to determine the operating domain of HSN in Europe, designed for a new generation of trains (NGT) with the speed of 400 km/h. The network model covers most of European countries, including Turkey.
The project NGT investigated the reference direction Paris-Vienna, the model of which is extended to the entire European Union, with recommendations for further adjustments. The basic components and criteria of the model included economic centres (cities), direct rail connections, train traffic frequency and travel time. Herewith traffic volumes and density of population of cities were calculated and regional preferences of passengers by transport means and others were taken into account. The resulting transport model allowed forming the recommended operating domain of the network of new railway lines, proving feasibility of HSN construction for the speed of 400 km/h in Central Europe.
Purpose
The question is: will this European transport model work in other circumstances and in other countries, such as Ukraine? Obviously, in this case, one must take into account an individual approach to solving a complex of tasks.
The purpose of this work is to analyse the existing methods of passenger traffic forecasting, to evaluate errors of the existing models concerning determination of traffic volumes and to specify the scientific approach to the development of highspeed rail transport in Ukraine.
Methodology
HSN operating domain being the object of study can be presented as a set of peaks and links between these peaks. In their turn, the peaks are cities (metropolitan areas) that are key links in the network [3] .
Both the peaks and the links between them have their own indices or evaluation criteria (social, economic, political, tourism, transport, etc.). For example, social criteria include population size, life expectancy, health conditions or pollution of the environment. Socio-economic factors determine the location of the so-called «strong points», including the intermediate ones, through which or near which HSN must pass.
Economic indicators are as follows: level of welfare, income per capita, gross regional product. Political relations are determined by the location of urban administrative centres, with their status and popularity (conducting of cultural events, conferences, sport competitions), etc. Travel links include business, cultural, recreational and other trips. Transport links are characterized by the presence or absence of certain means of transport by directions (road, rail, air, etc.), the mobility of the population, passenger traffic flow (transit and domestic), etc.
Within the large stations and units, particularly terminals, the high-speed network route should be connected to the network with other modes of transport: urban, commuter and air transport. Results of approvals from government and business entities may require changing the position of the line, even at the next stages of design.
When examining the operating domain for future HSN it is appropriate to consider the destinations that already have rail lines. Transport streams at these directions are the most intense [14] . Thus, the presence of the railway is one of the criteria for determining the areas for potential high-speed trains.
With a view to selecting of HSN feasibility study criteria assess for a specific region it is necessary to conduct deep investigation of the above factors, to develop appropriate methods of decision-making. A step in this direction is the classification of the main criteria for determining HSN destinations, specified in [10] , Fig. 3 .
The first group of criteria describes the agglomeration which tends to projected HSN. Stable growth and tendency of indices to the maximum possible values will ensure favourable environment for construction and in the future for operation of HSN.
The second group of criteria describes the technical and economic potential of destinations of the prospective HSN. The line length varies usually from 400 to 900 km for the purpose of being competitive with air service. [15, 16] The HSN construction cost depends on the line length and on the complexity of construction conditions. According to international estimates the average cost of 1 km of high-speed network is about 25 million Euro [18] .
Forecasting of passenger traffic flows in the future is an essential and integral part of the complex process of designing of HSN. HSN direction and its parameters are determined by the volume of passenger traffic. Therefore, the methods for determining the latter are subject to analysis and refinement. Also it should be noted that increasing of passenger traffic flow will enhance the overall economic effect of the introduction of high-speed traffic.
Many scientific papers are dedicated to forecasting of passenger flows. Deep analysis of different models and approaches is presented in [11] . It is appropriate to quote the saying by prof. M. V. Pravdin of this work: «So far, the passenger rail transport forecasting has been neglected, as a result there is no sufficiently strong justification for development of passenger high-speed transport...». It was written more than thirty years ago, but has not lost relevance today.
The existing forecasting methods are reduced to the following ones: Delphi approach, extrapolation method, factor and correlation analysis and state and event simulation method.
The first attempts to use mathematical methods appeared in the late nineteenth century, when A. Wellington (USA) and E. Lille (AustriaHungary) attempted to establish a mathematical relationship between traffic size, population of corresponding points and distance between them. Later modifications of this model were proposed, which were called «gravity» [11] .
These models are based on the assertion that there is transport «attraction» between two large settlements, which is directly proportional to the product of the population of these settlements and inversely proportional to the distance between them in degree 
where ij П -flow from point i to point j ; , i j P Ppopulation size respectively at the points i , j ; ij L -distance between two points; ij  -proportionality factor;  -constant value. Slightly adjusted dependence was proposed by M.I. Zahordan and F.P. Kravets: Fig. 3 . Classification of the main criteria to determine promising areas of HSN construction They believed that the number of passengers is directly proportional to the product of population of two settlements and inversely proportional to the square of the distance between them.
In these models it is still difficult to determine the proportionality factor ij  for long-range conditions, since the factor changes significantly over time. Thus, calculated on the basis of statistical data on passenger correspondence between individual points the factor ranged from 0.001 to 0.475. This is due to the effect of the statistical law of passenger behaviour that can be formulated as follows: to overcome the distance x from the point of view of a passenger it takes some reasonable time, which is associated with scientific and technological progress in transportation. Mathematically the law can be written as
where   , v x t -speed, which depends on the distance of travel and technological progress (rolling stock, infrastructure) and is taken into account through the time factor t ;   a t -constant value. For example, if the average time to overcome the distance of 100 km by high speed train TGV POS climbing 35 ‰ slope is 30 min., then to overcome 1000 km the time increases not by ten, but 9 times, and on the gradient-free sections -8 times.
The main disadvantage of this model is the high sensitivity to errors while calculating the value ij  and inability to verify the reliability of the forecasted model. A number of studies attempted to overcome some of these disadvantages of «gravity» models. In particular, they examined such factors as gross domestic product, national income and others. The linear model was proposed for forecasting, the defining parameters included national income, total population, urban and rural population. As shown above (see Fig. 1 ) the generalized parameters set for the country as a whole cannot be used to forecast the traffic flow in specific directions.
It should be noted that the models developed as «gravity» ones have found wide application. So, with the participation of experts of SYSTRA Company (France) in 2002 there were investigated the prerequisites for implementation of high-speed trains in Ukraine, identified possible routes for high-speed rail lines based on passenger traffic volume forecasting [12] .
Passenger traffic volume was calculated according to the formula
where m k -model coefficient. The formula (4) shows that the passenger traffic volume AB F between two final destinations А and B depends on the number of people living in final destinations ,
P P , frequency of trips f , length of the route r L і and duration of trip by high-speed train t T between the cities А and B . Analysis of formulae (1) and (2) shows that they do not take into account transit passenger flow, which is advisable to transfer partially to high-speed connection. In addition, the consultant of SYSTRA does not reveal the real dependence, included in the denominator of the formula (4).
Conditions for major transit passenger flows are created due to vectors of modern relations of Ukraine with the EU, Belarus, the Baltic States, Central Asia and the Caucasus [8] . In this case, a special place is the study of population transport mobility index. It is believed to be the average number of trips per capita per year by all modes of transport, particularly by rail. In the rail transport segment the mobility factor is determined by the ratio of number of passengers transported by rail per year P to the average annual population of the region N , served by this rail:
Findings
The authors analysed the dynamics, trends of passenger traffic and calculated the mobility indices by the formula (5) ( Table 1) . The forecasted population in 2020 is adopted according to JSC «Ukrzaliznytsia» [1] and the number of outgoing passengers -according to [5] .
As the table 1 shows, the calculated longdistance traffic index p mob k differs significantly by rail (regions) and ranges from 0.9 to 2.28; it is in average 1.5 trips per year.
Unlike the formula (4), used by SYSTRA, the work [2] presents the formula to calculate the forecasted passenger traffic volume, which takes into account passenger transit flows through Ukraine and the population in the cities covered by the high-speed network:
where AB F -forecasted annual number of passengers between two cities А and B ,. ths people; , In addition, the formula (6) is not without drawbacks. Let us consider a specific example. Fig. 4 shows two variants for high-speed lines between Kyiv and Lviv. The population that lives in urban areas (thousand people) is shown in the diagram. Transit is adopted the same for both variants -50 thousand people per year. The results by the formula (6), i.e. the projected number of passengers, are as follows: in case of the northern variant -1 million people a year, the southern variant -850 thousand people a year, that is not logical as the overall population at all the stations of highspeed network in southern variant is bigger and the passenger traffic flow is smaller. So the formula (6) does not include cases where the transit passenger flow has a significant share. Transport mobility of the population can be characterized either by number of trips per capita per year (mobility factor) or by the average number of passenger-kilometres per inhabitant per yearuse of passenger transport services by one resident.
Volume of passenger traffic is calculated using the mobility index that takes into account the frequency of trips per year per inhabitant of the related area.
Getting of qualitatively new effect in the forecasting practice is associated with the use of factor and correlation analysis. So, to check the relation of population incomes with mobility index the work [9] presents the correlation analysis, the results of which revealed that there is quite close dependence of the mobility index on the value of disposable real incomes of the population.
The authors also believe that the most generalized and complete definition of transport mobility should be considered not the number of trips regardless the travel distance, but passengerkilometres per capita, i.e.
 
where   To compare trends in transport mobility and incomes, Fig. 5 and 6 show the results obtained in [7] , and Table 2 and Fig. 7 -calculations performed before the year 2015. Column 5 shows the population mobility indices, calculated by the formula (7) .
One of the most accurate ways to assess the economic development of the state is considered gross domestic product (GDP), and for population the real income is that cited in statistics as nominal one (reproduced at current prices of this yearc. 6) and real one (adjusted for inflation -c. 7).
The performed correlation and regression analysis showed that the correlation coefficient between them is r mob =0.882. The linear regression equation, which allows calculating the average standard value of mobility ( pkm mob k ) on the value of disposable real income per capita ( D ), is as follows:
1046.6 0.00876
where the regression coefficient 0.00876 represents more or less uniform chain growth of mobility in arithmetic progression. This means that the change in disposable real income per capita by 1 UAH increases rail transport mobility by 8.76 pass.-km per person. The authors of the work [9] believe that the revealed tendencies (Equation 8 This can be explained by the following (see Fig. 5 and 7 ): transport mobility of the population had been increasing by the year 2008, but has decreased in the following years. At the same time, the dynamic of growth of disposable income of the population was positive.
In Ukraine, the first step to improve the quality of transport services was the introduction of rapid trains (Intersiti+ trains): since May 15, 2012 on the section Kyiv -Kharkiv, Kyiv -Lviv, Kyiv -Donetsk; since November 11, 2012 the high-speed train was introduced on the section Kyiv -Dnipropetrovsk, and since May 2013 this route was extended to Zaporizhzhia; in 2014 the following high-speed directions were opened: Kyiv -Odesa, Kyiv -Ternopil, Darnytsia -Truskavets. The main purpose of new HSN is to provide large volumes of passenger traffic between two or more regional cities and their agglomeration areas with minimal time loss by passengers. The involvement of large settlements to the chosen direction of HSN is determined by the amount of passenger traffic and revenues from the operation.
Future HSN concentration areas in Ukraine [12] , including the following cities and economic and tourist centres:
-Kyiv (capital of Ukraine) and the Kyiv region, Kyiv has about 2.9 million inhabitants; -Regions of Kharkiv and Poltava, Ukrainian cities with about 2.0 million inhabitants; -Dnipropetrovsk (now Dnipro), Dniprodzerzhinsk (now Kamianske), Zaporizhzhia and Kryvyi Rih -about 3 million inhabitants; -Donbas, economic activity in large cities such as Donetsk (about 1 million inhabitants), Luhansk (500 thousand inhabitants), Mariupol (about 500 thousand inhabitants), etc.
Tourist regions -Odesa (over 1 million people) Mykolaiv (500 thousand people), Kherson (300 thousand people), Sevastopol and Simferopol (about 700 thousand people).
West Region. Lviv has 730 thousand residents, while in the region -more than 2.5 million inhabitants.
Zakarpattia region is located on the edge of Western Ukraine immediately adjacent to 4 countries: Poland, Slovakia, Hungary and Romania. Zakarpattia, as of 2015 there are more than 250 resorts of different concepts and sightseeing sites of tourism and recreation.
Ukraine is among the countries with high population density (79 people per 1 km 2 ). This is a fairly high rate, indicating a generally favourable living conditions and high level of territory development. For comparison, the population density in Russia per 1 km 2 is 8.4 persons, in Republic of Belarus -47.9 persons, in Kazakhstan -5.4 persons.
When performing the forecasting calculations by directions of international transport corridors one can use the model of forecasting passenger traffic needs tried and tested within the framework of TACIS involving the companies EPV EuroprojrktVerkehr (Germany) SGTE (England), HyprotransTЭY (Russia), Transmark (England), Transpolis (Ukraine) [5] .
This forecasting model, given the high uncertainty of the general economics and sociological position of the concentration area, uses statistic data and opinion of the experts, namely of the International Centre for Policy Studies (Soros Foundation).
Based on forecast data, it is estimated that in Ukraine in 2035 -2040 about 130 million passengers will use the high-speed network annually. These traffic volumes correspond to an annual turnover of 54 billion pass.-km. One of the possible schemes of HSN development in Ukraine is shown in Fig. 8 . 
Originality and practical value
This work further developed the scientific approaches to forecasting the passenger traffic volume in HSN agglomeration area. The HSN feasibility study criteria system was updated; this system takes into account passenger transit flows through Ukraine, the population of the cities covered by the high-speed network, mobility of population and other factors.
The obtained data can be used to justify the concept of high-speed rail transport development in Ukraine, to create a high-speed network and to phase HSN construction.
Conclusions
Based on the analysis of the studies we can make the following conclusions:
1. To determine the rational routes of highspeed rail lines based on forecasted passenger traffic volume the widespread use is gained by «grav-ity» mathematical models based on the assumption that the strength of the interaction of cities and regions adjacent to the forecasted HSN is proportional to the product of qualitative and quantitative indices of the regions and inversely proportional to the distance between the cities. These mathematical models are widely used in regional analysis, during the study of expert and import relationships between regions, but should be adjusted on the basis of economic development, regional business activity, population mobility factor, the value of which may vary considerably depending on the growth of income, speed, comfort and service provided by high-speed transport.
2. Economic integration in the European Union can increase the flow of passengers in the international traffic, and the implementation of the European high-speed network expansion program in Eastern Europe and CIS will allow the railways of Ukraine to become integrated in the high-speed network of Europe. The Ukrainian routes of highspeed rail lines proposed by SYSTRA (France) in 2002 based on forecasted passenger traffic volume do not take into account the transit flow through Ukraine and the passenger mobility factor. Thus, the proposed network topology and HSN construction phasing require correction.
3. From the analysis of different approaches and techniques it follows that passenger flow forecasting requires development and use of advanced mathematical techniques, creation of common
